The Pitx2 gene regulates left-right (L/R) asymmetrical cardiac morphogenesis. Constitutive Pitx2 knock out (ko) mice die before birth and display, among other defects, right atrial isomerism, atrial and ventricular septal defects, and double outlet right ventricle. The myocardial role of the gene has not been dissected. In particular, how Pitx2 regulates the differential L/R cardiac identity program is not clear. Additionally, the relation between Pitx2 ko ventricular defects and the gene expression pattern is not understood. In this article we analyze Pitx2 myocardial function during mouse heart development. By in situ hybridization analysis we show that myocardial Pitx2 expression delineates the remodeling of the left atrioventricular canal, the inner curvature, the ventral part of the interventricular ring, and the ventral portion of the right and left ventricle. By genetic analysis using an allelic series of Pitx2 mutants, among which a myocardial specific ko (ko myo ) we show it has a crucial role in this process. Pitx2 ko myo mutants survive to adulthood, when they present strong cardiac morphological and functional defects. Confocal analysis of embryonic Pitx2 ko myo hearts reveals delayed cardiomyocyte development in the ventricular but not in the atrial Pitx2 null areas. Conversely, selective left atrial BMP10 mRNA downregulation which normally occurs at fetal stages is not found in the Pitx2 ko myo mice. This is the first evidence for distinct Pitx2 action in mediating L/R atrial identity and asymmetrical ventricular remodeling. (Circ Res. 2008;102:813-822.) 
C ardiac morphogenesis is an extremely complex process, as reflected by the high frequency of congenital cardiovascular malformations. 1 Cardiogenic precursors of the first and second heart field (SHF) 2 dynamically integrate into a primitive heart tube, which rapidly grows within the pericardial cavity and undergoes rightwards looping. Concomitantly, cardiac chamber growth and remodeling along the inner curvature, accompanied by septation, leads to the formation of the 4-chambered heart. To date, the molecular and cellular bases driving this process have only partially been elucidated. 3 The Pitx2 gene generates 3 isoforms, Pitx2 a, b, c, 4 but only Pitx2c is expressed in the heart and drives asymmetrical cardiac morphogenesis. [5] [6] [7] Pitx2 and Pitx2c-isoform specific knock out (ko) mice die before birth and display right atrial isomerism (RAI), atrial (ASD) and ventricular (VSD) septal defects, double inlet left ventricle, transposition of the great arteries (TGA), persistent truncus arteriosus (PTA), and abnormal aortic arch remodeling. 8 -11 Pitx2c is asymmetrically expressed within the left lateral plate mesoderm (LPM), in the cardiogenic precursors of the left SHF, both at the venous and the arterial pole, and the developing heart. 7, 12, 13 Therefore, this role in asymmetrical cardiac morphogenesis may result from its early requirement in the LPM, in the cardiogenic precursors or in the developing myocardium. The early role of the Pitx2 gene at the venous 14 and the arterial poles [15] [16] [17] has recently been highlighted. However, its myocardial function is not completely understood. In this study we show with a genetic approach a dosage sensitivity and continuous requirement for Pitx2 both in the cardiogenic precursors and in the developing heart. Furthermore, we show that myocardial presence of Pitx2 is required for cardiac function in adult mice. By using combined expression analysis and a myocardial ko approach we unravel a novel role of the gene for venticular asymmetrical remodeling around the inner curvature, interventricular septum (IVS) growth and ventricular chamber expansion, which is associated with a selective cardiomyocyte maturation defect phenotype in the ventricular but not the atrial Pitx2 null cells. In addition, we show that Pitx2 is required for BMP10 selective downregulation in the left atrium (LA). Our results underscore for the first time regional differences in the mechanisms by which Pitx2 acts in asymmetrical patterning of the developing heart.
Materials and Methods

Mouse Lines
The Pitx2 floxed and the ␣-MHC Cre transgenic mouse line have previously been described. 8, 18 Mice have been bred into a pure C57Bl/6J genetic background, and offspring from mouse lines matings were screened for the presence of the Pitx2 floxed allele and the Cre sequence. Animals were kept in accordance with the institutional guidelines.
An expanded Material and Methods section is available in the supplemental materials (available online at http://circres. ahajournals. org).
Results
Expression of Pitx2 mRNA in the Developing Heart
We began our work by refining Pitx2 mRNA cardiac expression analysis by section ISH, by using the full length Pitx2 riboprobe which in the heart detects the Pitx2c isoform. 7 At E10.5 Pitx2 expression ( Figure 1A , 1B, 1G) comprises the (LA), the forming interatrial septum (IAS), the left part of the atrio-ventricular canal (AVC), the inner curvature (red asterisk), the ventral portion of the right ventricle (RV), and more weakly of the left ventricular (LV) compact myocardium. Notably, Pitx2 is expressed in the ventral part of the interventricular (IV) ring ( Figure 1A and 1G ), which surrounds the IV , and E 14.5 (D-F and H) note Pitx2 expression in the inner curvature (red asterisk), the ventral part of the IV ring (red arrow) becoming at E14.5 the myocardium surrounding the LV outlet, the ventral side of the ventricles (green arrows), and the right ventral side of the IVS (black arrows in C and E). ias indicates interatrial septum; ra, right atrium; la, left atrium; (l/r)avc, (left/ right) atrioventricular canal; rv, right ventricle; lv, left ventricle; oft, outflow tract; pv, pulmonary veins; pt, pulmonary trunk; ao, aorta; lvo, LV outlet; as, atrial spine; lscv, left superior caval vein. Scale bar: A-B, 150 m; C, 180 m; D-F, 380 m.
foramen and demarcates both the RV inlet and the LV outlet. At E12.5, Pitx2 expression outside the LA marks sites of ongoing cardiac remodeling ( Figure 1C ). Interestingly, Pitx2 additionally delineates the right part of the growing IVS. By E 14.5, IV ring remodeling has given rise to the right atrioventricular junction and the myocardium surrounding the LV outlet 19 (Figure 1D , 1E, 1H). At this stage, Pitx2 mRNA is found in the pulmunary veins (PVs), left superior caval vein (LSCV), LA, IAS, and the muscularized atrial spine (AS), more strongly on the left side ( Figure 1D ). Additionally, the dynamic Pitx2 expression profile underlies remodeling in the AVC, in the ventricles and the ventral IV ring ( Figure 1D , 1E, 1H), which has become the LV outlet. Therefore Pitx2 distinguishes in the IV ring, for the first time, the myocardium surrounding the LV outlet. Pitx2 is also still visible at the ventral portion of the IVS and on the ventral side of the LV and the RV, confined to the compact layer ( Figure  1E , 1F, 1H). At E17.5 selective Pitx2 downregulation has occurred in the ventricles, with the exception of the LV outlet (supplemental Figure I ).
Generation of the Allelic Series of Pitx2 Myocardial Mutants
To generate the Pitx2 myocardial-specific ko we crossed the Pitx2 floxed mice (Pitx2 loxP/loxP ) 8 with the ␣-myosin heavy chain (␣-MHC) Cre deletor mice, 18, 20 which display efficient myocardial Cre activity from E8.5 21 (supplemental Figure II) . Selective myocardial deletion of one loxP allele (␣-MHC Cre; Pitx2 loxP/wt ϭPitx2 het myo ), resulted in viable and fertile offspring. Spontaneous transient ectopic activity of the ␣-MHC Cre promoter in germ cell precursors, previously reported, 22 was happening in our mice. This led, in the Pitx2 het myo , to the production of the deleted allele (Pitx2 del ), which was meiotically segregated and transmitted to the offspring (Figure 2A ). Therefore, crossing of the Pitx2 loxP/loxP with the Pitx2 het myo ( Figure 2B ), resulted in the following genotypes, screenable by PCR analysis (supplemental Figure II) : ␣-MHC Cre; Pitx2 loxP/loxP (herein referred as Pitx2 ko myo, bearing the myocardial specific ko), ␣-MHC Cre; Pitx2 loxP/wt (ϭPitx2 het myo ), ␣-MHC Cre; Pitx2 loxP/del (ϭPitx2 ko myoenh, bearing constitutive Pitx2 deletion in one allele, and the myocardial ko in the second), Pitx2 loxP/del (ϭPitx2 het cost , bearing constitutive Pitx2 deletion only in one allele), and wild-type (wt) pups (Pitx2 loxP/loxP and Pitx2 loxP/wt ). Additional animals were subsequently generated by crossing the Pitx2 ko myo with the Pitx2 loxP/loxP mice (supplemental Figure II) . Their genotype distribution at postnatal day (P)15, was according to the expected Mendelian ratio (supplemental Figure II) .
The allelic series of newborn mice were analyzed histologically at P2 ( Figure 3 and supplemental Table I ). Pitx2 het myo pups (nϭ6) had an almost normal heart ( Figure 3C and 3D), however presenting incomplete closure of the IAS (ASD type1) ( Figure 3C ) and some mild malformation of the IVS ( Figure 3D ). Constitutive loss of one Pitx2 allele (Pitx2 het cost , nϭ6) led to stronger morphogenetic defects ( Figure 3E ). All the mutant hearts presented ASD, either mild (type I) or strong (type II). The IVS was malformed or, in one case, incomplete, resulting in VSD accompanied by DORV (not shown). Furthermore, both the LV inlet and outlet were broader than in the wt hearts. The stronger phenotype of the Pitx2 het cost thus revealed a role of the gene on cardiac morphogenesis before ␣-MHC Cre activity.
In the Pitx2 ko myo pups (nϭ7), hearts had an almost squared appearance, lacking the leftwards apex ( Figure 3F and 3G), and almost always presented with ASD type I or II ( Figure 3F and 3G and supplemental Table I ). The LV inlet and outlet were broader ( Figure 3F and 3G), and occasionally the left ventricular myocardium had a looser appearance (not shown). Additionally, the IVS was always malformed, and it Tessari et al Differential Regional Action of Pitx2 in the Heart could be also abnormally connected with the base of the IAS ( Figure 3F ), or grossly enlarged and misshaped ( Figure 3G ), which was associated with lack of ventral expansion of the ventricles and a strong reduction of ventricular chamber volume. No anomalies were found in the AV or semilunar valves (not shown). All the described defects were also observed in the Pitx2 ko myoenh pups (nϭ7), with higher incidence ( Figure 3H and 3I and supplemental Table I ). In particular, the IVS was always maldeveloped, and in 2/7 samples there was VSD accompanied by DORV ( Figure 3I ).
In conclusion, these results revealed a dosage sensitivity and continuous requirement for Pitx2 both before Cre activity and in the developing heart.
Adult Pitx2 ko myo Animals Display Cardiac Abnormalities
We focused on the Pitx2 ko myo and het myo mice and followed their viability for 12 months, which was comparable to that of wt animals. We then analyzed their cardiac morphology and function by ecocardiographic analysis. In 2-month-old Pitx2 ko myo mice (nϭ7), echo imaging showed IAS defects, abnor-mal right chambers enlargement ( Figure 4C and 4F), an asymmetrical hypertrophy of the IVS ( Figure 4F ) and overall cardiac dysfunction. Morphometric echocardiographic analysis (Table) revealed a marked increase in RV end diastolic diameter (RVIDd), RA, and pulmonary artery (PA) internal diameters (ID) and IVS diastolic thickness (IVSd). The LV was differently affected, showing a significant reduction in LVIDd, associated with a slight increase in LAID. This asymmetrical remodeling with a selective enlargement of right chambers could be dependent on the right ventricular overload due because of IAS defect. Finally, analysis of cardiac systolic function revealed an impairment of both ventricles. This phenomenon was however more evident on the LV, likely depending on the fact that IVS contraction in the LV was limited by the concomitant systolic excursion of overloaded dilated RV. These structural and functional abnormalities were substantially confirmed at 6 months, with noticeable increase in RV dilatation, and slight reduction in LV ID, accompanied by further IVS thickening (not shown).
Histological analysis of 2-month-old Pitx2 ko myo hearts additionally revealed increased intercellular space (supple- mental Figure III ). Furthermore, several foci of NppA mRNA expression were found, indicating cardiac disease 23 however not accompanied by fibrosis (not shown).
On the other hand, Pitx2 het myo mice (nϭ10) showed by echo a completely closed IAS ( Figure 4B ), in line with the notion that mild ASD can spontaneously close postnatally. 24 Additionally, they presented normal diameters of the RA and RV ( Figure 4B and 4E), associated with a slight but not significant reduction of systolic function (Table) . Interestingly, Pitx2 het myo mice presented an increased LVIDd associated with a significant reduction of left ventricular systolic function (Table) .
Developmental Defects in the Pitx2 ko myo Embryos
To get insights on the onset of cardiac defects, Pitx2 ko myo embryos were isolated. At E9.5 the ko myo embryos presented slightly less expanded ventricular chambers (supplemental Figure IV) . However, an abnormally enlarged AVC and lack of ventricular chamber expansion were clearly visible only at E10.5 (Figure 5A through 5D) and E14.5 ( Figure 5E through 5L). Abnormal inner curvature remodeling and IVS shape were additionally observed at E14.5. In 2/4 samples this defect was more pronounced, resulting in a still partially unclosed IVS ( Figure 5L ) and DORV ( Figure 5E and 5H ). All samples displayed looser IVS, especially on the right side, also abnormally connected to the endocardial cushions (not shown).
No increased apoptosis (assessed by cleaved caspase-3 staining) or obvious differences in proliferation (assessed by phospho-hystone H3 staining) were found in the ko myo hearts at E9.5, the stage of phenotype onset (supplemental Figure  IV) , or at later stages (E11.5) (not shown), if compared to wt.
Section ISH analysis on E12.5 Pitx2 ko myo embryo to assess expression of cardiac patterning genes, markers of primary and chamber myocardium, compact and trabeculated myocardium markers did not reveal any obvious differences in their expression profile (supplemental Figure V and not shown). A noticeable exception was BMP10, which in wt hearts is expressed in the trabeculated ventricular myocardium and in the atrial chambers, being progressively downregulated in the LA from E12.5 25 (Figure 6A and 6D) . Interestingly, in the ko myo embryos, LA expression was retained ( Figure 6C ), also at newborn stage ( Figure 6F ) and in the adult heart (not shown), whereas ventricular expression was unaffected (Figure 6C ). In the het myo hearts, a weak atrial BMP10 expression could be detected, thus indicating a Pitx2 dosage dependent effect ( Figure 6B and 6E ).
Delayed Ventricular Cardiomyocyte Maturation in the Pitx2 ko myo Hearts
In vitro studies have previously suggested a role for Pitx2 in promoting changes in cell morphology and cytoskeletal reorganization, 26 therefore we decided to explore this issue by confocal analysis of embryonic heart sections.
In E10.5 wt hearts, Pitx2 positive cardiomyocytes in the ventral outer layer of the RV appeared polyhedrical (Figure Tessari et al Differential Regional Action of Pitx2 in the Heart 7Ba). Actinin staining outlined their contractile apparatus consisting of premyofibrils anchored to the membrane, visualized by the extracellular matrix marker (ECM) laminin, through spot-like Z-bodies (Figure 7Ba ), in line with published findings. 27 Analysis of additional regions, either Pitx2 positive (not shown) or Pitx2 negative, eg, the dorsal wall of the LV (Figure 7Bb ) led to similar results. In E10.5 ko myo hearts, Pitx2-null cardiomyocytes in the regions at corresponding levels in the ventral RV (Figure 7Bc) , which have been shown to be still colonized by Pitx2-null daughter cells, 10 did not differ from that of wt samples. The same was true for the Pitx2 negative areas (not shown).
With progression of development, cardiomyocyte maturation occurs. 27 At E14.5, in wt hearts, Pitx2-positive cardiomyocytes in the ventral RV wall (Figure 7Ca ), in the right IVS (Figure 7Cc Z-disks. In the ko myo embryos, Pitx2 null cardiomyocytes in the same regions were still polyedrically shaped, with mostly spotted and perimembranous actinin organization, revealed by close localization to laminin (Figure 7Cb and 7Cd, and not shown). We therefore concluded that the Pitx2-null cells were retaining a still immature phenotype. Additionally, in the Pitx2 null regions (Figure 7Cb and 7Cd and not shown), a clear cellular alignment was not visible. Interestingly, in E14.5 wt hearts, Pitx2-negative cardiomyocytes in the dorsal wall of the LV (Figure 7Da ) or the left part of the IVS (Figure 7Dc ), appeared less mature that those in the Pitx2-positive areas. In the ko myo , Pitx2 negative cardiomyocytes (Figure 7Db and 7Dd) were comparable to those of the wt embryos at the same level, as well as to the Pitx2 null cells (Figure 7Cb and 7Cd) . Hence, Pitx2-negative and null cardiomyocyte were comparable (Rotation movies of the presented regions are available online; see also supplemental Figure VI) . Interestingly, in the ko myo embryos at all stages, cardiomyocyte cytoarchitecture and ECM deposition in the LA and RA were normal and comparable to that of the wt samples (supplemental Figure VII) . We therefore concluded that cardiomyocyte maturation was a selective phenotype of the ventricular but not the atrial Pitx2 null cells.
Discussion
In this study we have analyzed Pitx2 role in the developing and adult heart. A myocardial-specific ko together with detailed expression analysis has uncovered a novel crucial role of myocardial Pitx2 in inner curvature remodeling, IVS growth, and ventricular chamber expansion. We provide for the first time evidence for a distinct Pitx2 action in directing the L/R atrial identity and asymmetrical ventricular remod-eling processes. Furthermore, the viability of our mutant mice has allowed to explore the role of Pitx2 for adult cardiac function. The implications of these findings will be discussed below.
Pitx2 Expression in the Developing Heart
In this article we have highlighted some novel Pitx2 myocardial expression domains, in particular in the remodeling ventral part of the IV ring, where Pitx2 distinguishes, for the first time, the myocardium surrounding the LV outlet. Additionally, Pitx2 expression extends into the right ventral part of the growing IVS. At early stages symmetrical components from the left and right ventricles contribute to the IVS, whereas from E12.5 the myocardium with left ventricular identity dominates dorsally. 28 In line, Pitx2 delineates the right ventricular component of the IVS ventrally, and therefore results complementary to Tbx18, which delineates the LV derived transcriptional domain. 28 Overall, Pitx2 expressing areas outside the LA are crucial regions for heart morphogenesis. In particular, IV ring remodeling and IVS growth are responsible for the correct AVC expansion to the right, ventricle inlet and outlet positioning, and ventricular septation. Noticeably, all these processes are affected in the Pitx2 ko myo hearts that display enlarged LV inlet and outlet, defects in AO, and PT alignment and VSD.
Pitx2 Role in Cardiac Atrial and Ventricular Identity
It is known that Pitx2 is required to confer the differential cardiac L/R identity 8 -11 recognizable at the sinoatrial (SA) region 29, 30 in the left side. 31 In line, here we have shown that Pitx2 activity is required for BMP10 repression which occurs selectively in the LA at mid gestation. These combined evidences suggest that Pitx2 represses a default right transcriptional pathway which differentiates molecularly and morphologically the left and right SA regions. Additionally, the absence of RAI in our conditional model supports the idea that the molecular and morphological actions of Pitx2 can be separable. Notably, Pitx2 is a transcriptional activator, 32, 33 therefore these actions might be mediated by selective activation of one or more repressive molecular pathways. On the other hand, Pitx2 role in ventricular remodeling is unknown. We have shown here that in the ko myo , E14.5 Pitx2 null ventricular cardiomyocytes present a delay in maturation and lack oriented directionality. Additionally, in wt hearts, Pitx2-positive cardiomyocytes appear more differentiated, with respect to myofiber organization and cellular elongation those Pitx2 negative. Together, these results suggest that Pitx2 may contribute to promote the process of cardiomyocyte maturation.
Some morphological defects were present at E9.5-E10.5 in the mutant hearts, before any obvious differences in cellular maturation could be scored. However, we cannot rule out that minor differences in cardiomyocyte cytoarchitecture might be present already at this early stage. Cardiac morphogenesis requires regulated control of directional cell division, growth, and of regional cell proliferation. 34, 35 However we did not observe any obvious differences in ventricular cell proliferation or death at phenotype onset. Therefore, Pitx2 could modulate still unknown cellular mechanisms in the ventricles, whose at least one final readout is the specific delay in cardiomyocyte maturation at E14.5 if the gene action is lost.
Taking into account the Pitx2 expression profile and the observed phenotype of the Pitx2 ko myo embryos and newborn mice, we propose that role of this gene in the ventricles is to provide the cellular maturation and organization framework that is crucial for their asymmetrical remodeling.
Overall, the observed different cellular and molecular action in the atrial and ventricular chambers lead us to conclude that cell type-specific cofactors are needed to modulate Pitx2 action in the heart. 
A Time-and Dose-Dependent Role of Pitx2 in Cardiac Morphogenesis
Our allelic series of conditional mutant Pitx2 mice, as a consequence of the homeodomain deletion, have lost activity of all 3 isoforms. However, given the exclusive expression of Pitx2c in the left cardiogenic precursors and during heart development, 12, 13 it is reasonable to conclude the observed cardiac phenotype is due to the loss of Pitx2c action. In general, cardiac defects in the mutants were overlapping, however their higher incidence in the ko myo than the het myo , indicates a dose dependent role of Pitx2 for cardiac morphogenesis. In particular, incomplete closure of the IAS was already visible in the Pitx2 het myo newborns, which indicates a strong sensitivity to Pitx2 dosage reduction for this process. Interestingly, cardiac defects were not observed in Pitx2c heterozygotes mice in a mixed 129/SvϫC57BL/6J genetic background, 9 whereas our lines were bred into a pure C57BL/6J background. The milder phenotype might be attributable to the "hybrid vigor" effect, which suppresses the action of genomic modifier genes that may influence phenotypic penetrance. 36 Cardiac malformations were more pronounced when the Pitx2 del allele was present, additionally uncovering a continuous temporal requirement of the gene for this process. The cardiac phenotype of the Pitx2 ko myo or the Pitx2 ko myoenh did not recapitulate entirely that of the constitutive Pitx2 null mice. 8, 9, 11 In particular RAI, abnormal venous return, TGA, PTA, and aortic arch patterning defects were not found. Because clear Pitx2 gene deletion with the ␣-MHC Cre line is visible from E9.5 and is completed at E10.5 (supplemental Figure II) , we cannot rule out that an earlier activated myocardial Cre might result in a stronger phenotype.
Recent data have shown an early requirement of Pitx2 at the arterial pole of the heart to direct, via Wnt11 signaling, extracellular matrix composition, cytoskeletal rearrangments, polarized cell movements, 16 and regional proliferation 15 required for OFT morphogenesis, which is additionally driving asymmetrical aortic arch patterning. 17 Additionally, at the venous pole, a prior presence of Pitx2 in the SHF derived pulmonary mesenchymal cells is required for their subsequent differentiation into PV myocardium. 14 Taking into account these data, the phenotype of the Pitx2 null mice, and our results, we suggest that LA morphological identity as well as aortic arch patterning must be driven by an earlier role of the Pitx2 gene in the left LMP or the SHF, or by a very early myocardial requirement at the venous and arterial poles. Our result additionally indicate that Pitx2 presence in the developing myocardium is crucial for the formation of a complete IAS.
Pitx2 Role for Adult Heart Function
Pitx2 ko myo adult mice develop a severe cardiomyopathy, accompanied by contractility defects and reduced cardiac performance, possibly secondary to volume overload, thus to ASD. However, the left ventricular dilation and dysfunction displayed by adult het myo in the absence of IAS defects suggests that genetic causes, related to reduced Pitx2 gene dosage, might also play a role in onset of the adult ko myo mice disease. Thus, maturation of cardiomyocyte regulated by Pitx2 could play a main role in cardiac contractile function.
Together, the Pitx2 het myo and ko myo mice represent unique mouse models that show the impact of both Pitx2 gene reduction or absence and the structural and functional abnormalities consequent to the hemodynamic overload originated by the interatrial defect.
